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ABSTRACT
An open-source Unmanned Aerial Vehicle (UAV) capable of performing at the same
capacity as many top commercially available multi-rotor vehicles is developed. The system
allows users unfamiliar with multi-rotor vehicles to achieve flight and land safely, while also
serving as a flexible foundation for other UAV projects and opening the door to features that are
not currently available. Applications of drone technology are explored.

i

Multi-Rotor Unmanned

Barr, Dean, Mixter

DISCLAIMER
This report was generated by a group of engineering seniors at Western Michigan University. It
is primarily a record of a project conducted by these students as part of curriculum requirements for being
awarded an engineering degree. Western Michigan University makes no representation that the material
contained in this report is error free or complete in all respects. Therefore, Western Michigan University,
its faculty, its administration or the students make no recommendation for use of said material and take no
responsibility for such usage. Thus persons or organizations who choose to use said material for such
usage do so at their own risk.
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EXECUTIVE SUMMARY
This project develops a low cost, open source Unmanned Aerial Vehicle capable of
operating at the same capacity of top commercially available multi-rotor vehicles. It is the desire
of the team that the vehicle will serve as a flexible platform for future projects. Requirements of
the system are presented, and a design is developed to meet these requirements. The UAV was
assembled and tested. Finally, applications of UAV technology are explored; this report
investigates factors that affect the use of UAVs for inspecting power distribution systems. The
UAV designed in the project is being used by another senior design team to investigate wireless
charging and parallel control of drone systems.
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1.0 INTRODUCTION
A great emerging hobby in today’s society is flying quad-copters or unmanned aerial
vehicles (UAV). This hobby is becoming more widely available as more companies are looking
into making and improving this technology. The Federal Aviation Administration (FAA) plans to
allow commercial use of UAVs, which will allow them to become much more prevalent. As it
becomes increasingly popular, the expansion of this technology will result in many changes in
current trends and in assembling similar devices. As UAVs become more user-friendly and
affordable, the technology will adapt to accomplish tasks more efficiently than conventional
methods allow. In this project, the team contributes to the advancement of UAV technology by
developing a cost-effective, capable unmanned vehicle and examining its behavior in the
presence of electromagnetic and radio interference.
Drones are already widely used in the military sector. The military uses drones for
automated surveillance. This leads to some potentially hazardous missions no longer
endangering human lives. Intelligence is a huge component of any military operations and UAVs
have been an increasingly useful tool in this pursuit. Many of these systems are very large and
can maintain flight for several hours. These drones are not used for indoor flight, although this
could be an application in the future.
There is a need to see if UAV technology can be incorporated on a large scale for
business use. Several objectives need to be met for UAVs to be adapted commercially on a large
scale. Firstly, the cost of using a UAV for a task should be cheaper than the traditional method.
UAV are comparably cheap to build and maintain when compared to other large business capital
assets. Even the highest end UAV available on the marked today is not more than a few thousand
dollars. Typically, all the parts of the UAV are replaceable, which makes the system cost
2

Multi-Rotor Unmanned

Barr, Dean, Mixter

effective to repair and maintain. While the parts are reasonably cheap, depending on the material
(I.E. carbon fiber vs. Fiberglass) the parts can break easy. Safety is also extremely important. In
order for a company to use UAVs to perform tasks, the UAV system must have proper safety
features. The UAV must be able to perform well under harsh conditions. Many UAVs have the
ability to “return to home” when a signal is lost. A big safety issue for a utility company like
Consumers Energy is using the drone around powerlines. If the drone were affected by the large
magnetic field produced by the lines or by any radio interference caused by them, using a UAV
would not be acceptable. Reliability is also an important part of this project. UAVs may be left
unused for a long period of time, and it must still be able to perform its job accurately. Finally,
time saving is a big motivation for the adoption of UAV technology. For Consumers Energy,
using a UAV system would allow the company to check power lines for damage in a fraction of
the time it takes a person to inspect them. This project designs and builds a UAV to meet all of
these objectives. Furthermore, testing is done to understand how the drone’s performance
changes in proximity to electrical transmission equipment. In an extension of the initial scope,
there was constant collaboration with Consumers Energy, whose main objective was to test the
effect of electromagnetic interference (EMI) and radio-frequency interference (RFI) interference
from power lines on a UAV system. The final product of was a fully-developed and user friendly
UAV as well as a test plan for EMI and RFI testing. In order to accommodate another design
team, two identical drones were constructed according to the design outlined in this report. The
sponsor for this project was Dr. Tarun Gupta, Professor of Industrial and Entrepreneurial
Engineering at Western Michigan University. No further grants within the department were
applied for.
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This report contains seven main sections. The next section provides an overview of the
design concept, which includes UAV requirements and project deliverables. Section three
details the specifics of the design. Feasibility and planning of the project are discussed in part
four. Section five details the assembly and configuration of the UAV outlined in section three.
Section six discusses testing and performance of the UAV, and section seven concludes by
discussing industrial applications of drone technology as well as the legal requirements of using
said technology.
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2.0 DESIGN CONCEPT
2.1 Requirements:
Both drones assembled throughout the process of this project were to strictly adhere to
the initial stipulations as cited below:


The designed drone will be built with four rotors, and controlled via a 2.4 GHz radio
control transmitter.



The assembled drone will be of similar dimensions to existing drones, and will be 18 to
24 inches wide, including the wings.



The weight of the drone shall be below 5 pounds.



The electrical charge of the battery used to power the drone will be around 10,000 mAh
to maximize flight time between charges.



The interface of the remote control transmitter will be simple and conducive to a quick
and responsive control system.



The assembled drone will have sensors integrated into the design in order to self-stabilize
even upon moderate interaction with external forces.



It is necessary to allocate space on the drone to house a copper coil in order to
accommodate a later possible addition of wireless induction charging to the drone in
collaboration with another group’s project.



It is necessary to allocate additional space for a possible GPS module to be added on in
the future pending the needs of another group’s project. Our chosen flight controller must
be able to successfully interact with this addition if it is added.

2.2 Deliverables: The team will deliver the following items:
1.

A fully operational drone and as outlined above.
5
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2. All necessary design documentation:
a.

Wiring diagram

b. Assembly instructions
c.

Block diagram of the system

d.

Parts and materials list

e.

Testing specifications

f. Any simulation results done during the design process

2.3 System Inputs:
The system is controlled from a 2.4 GHz radio control transmitter. The operator is able to
fly and land the drone entirely with the use of the handheld controller, which has knobs to
control altitude, rotation, and direction of the drone’s movement. The drone relies on constant
input from gyroscopes and other built in sensors. It is also be compatible with a commercially
available GPS chip.

2.4 System Output:
The drone's movement is the primary output of the system. This will be an immediate
indication of whether or not the inputs were successfully interpreted. The onboard flight
controller also outputs PWM signals to control the four motors.

6
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2.5 Acceptance Tests:
In order to verify that the system works, the following criteria has been met:
1. Power on drone and handheld controller. The drone shall be tested to see if it can take off
and be able to sustain flight for 60 seconds.
2. The range of this test will be no more than 100 feet, and the test will be conducted under
optimal conditions (i.e. minimizing the effects external interference). If during this time
the user should be able can control the drone in all directions (front to back, side to side,
up and down, and also in rotation about the vertical axis), then system will be successful.

7
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3.0 DESIGN SPECIFICATIONS
3.1 Block Diagram
In [1], a general block diagram for a multi-rotor UAV is presented. A similar setup has
been used in this design. A central flight controller chip governs the operation of the entire
device. The flight controller receives inputs from a radio receiver module and, optionally, a
Global Positioning Module. It processes the inputs and send signals to four Electronic Speed
Controllers (ESC). The ESCs, in turn, control the operation of the motor. The block diagram is
provided below in Figure 3.1.
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Figure 3.1 System Block Diagram [3]
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3.2 Part List
In [2] the concept of the general design of a quad-copter was discussed. In that particular
design, a STC12C5624AD microcontroller was used. The microcontroller interpreted
information from the accelerometer and the RF controller and output an appropriate response to
each electronic speed controller (ESC). This project uses a similar microcontroller, the
PIXHAWK flight controller. The PIXHAWK has a three-axis gyroscope, barometer and
accelerometer onboard, which alleviates the need for external instrumentation. It also is capable
of other features including but not limited to GPS, sonar, telemetry, and gimbal control.
In [3] the idea of controlling UAVs with non-traditional input devices like a computer
keyboard or a speech recognition system is explored. This project controls a UAV with a
traditional handheld radio controller. Another team is investigating other control systems,
specifically the control of two drones in parallel.
This project uses four motors, four ESCs, a battery, a flight controller and a radio receiver
module. A full parts list is presented in Table 3.1.
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Table 3.1 Parts List
Component

Quantity
Needed

Item

Motors/ESC
Combo

4

Andoer XXD A2212 1000KV Brushless Motor + 30A ESC for Multicopter
F450 X525 Quadcopter

Propellers

1

8"x4.5" CW/CCW Propellers, 2 Pair

Frame

1

F330 Glass Fiber Mini Quadcopter Frame

Controller and
Receiver

1

FlySky FS-T6 2.4ghz Digital Proportional 6 Channel Transmitter and
Receiver System

3DR Telemetry
Kit

1

3DR Telemetry Receiver/Transmitter

Flight Controller

1

Pixhawk Controller

Large Battery

1

Bias 5000mAh 3S 40C Lipo Pack

1

FLOUREON® 2 New 3S Lipo Battery 11.1V 2200mAh 25C RC
Rechargeable Battery Pack with XT60 Plug

1

100pcs Red Insulated Female & Male Bullet Butt Connector wire Crimp
Terminals

1

SummitLink 328 Pcs Assorted Heat Shrink Tube 5 Colors 8 Sizes Tubing
Wrap Sleeve Set Combo

1

10X 10cm Servo Extension Lead Wire Cable MALE TO MALE KK MK
MWC Servo Wire

1

RC B3 LiPo 2S-3S Battery Balancer Charger 7.4-11.1V

Small batteries

Crimp Terminals

Heat Shrink
Tubing
Servo Adaptors

Battery Charger

3.3 System Analysis
3.3.1 Wiring Diagram
Figure 3.2, seen below, presents the wiring diagram of the system that was used in the
assembly of the UAV. The 2.4 GHz radio receiver relays the instructions to the CC3D flight
controller. Which, in turn, outputs signals to the ESCs that control the motors. Note the unused
pins on the flight controller. The PIXHAWK has six Pulse Width Modulation (PWM) channels
but only uses four to control the motors. This leaves two free channels to control missionspecific peripheral devices.
11
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Figure 3.2 Wiring Diagram
3.3.2 Design Justifications
The chosen motors (D2218/17 Brushless Outrunners) have maximum power ratings of
102 Watts each and offer speeds of 1100 rpm/volt. This is more than enough to provide the thrust
needed to lift the system when paired with the chosen 7.5”x4.5” propeller blades. Figure 3.3
presents a simulation run using comparable components to the parts proposed. This particular
simulation only focuses on one motor/propeller pair at a time. Note that a single motor can
produce as much as 4.41 lb. (2000g) of thrust at peak output. The proposed drone has a weight of
just over 1.98 lb. (900g), so the system is more than capable of sustained flight even with
significant payloads. It is also able to hover with modest power consumption. The estimated

12
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drive efficiency of 84.8% would be reasonable for a build of this nature, and seems completely
attainable considering that motor calculation reliability and prop data reliability were chosen to
be at very modest levels.

Figure 3.3 Simulation Performance
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3.3.3 Control Scheme
Figure 3.4 shows the control scheme for the assembled UAV. Input originates from either
the sensory equipment aboard the flight controller, or from a handheld controller. The signal is
received by a commercially available 2.4GHz radio receiver and passed onto the onboard flight
controller. The flight controller outputs PWM signals to the ESCs, which regulate current to the
motors and control the motion of the drone. Instrumentation provides feedback to the flight
controller in order to stabilize flight. The CC3D flight controller has a high-performance, 3-axis
MEMs gyroscope and a 3-axis MEMs accelerometer. It also interfaces with a GPS device. This
provides abundant feedback information to calibrate the drone and provide smooth, consistent
flight.

Figure 3.4 Motor Control Block Diagram
The general transfer function of an electric DC motor is as follows:

More specifically:

The constants Kt, Ra, and Rb describe the motor and can be calculated from the motor’s
speed and torque characteristics. Where Kt is the motor torque constant Ra is the armature
14
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resistance and Rb is the stator resistance. Testing of the motor allows for the calculation of these
values. J and D are mechanical constants that describe the system. J represents the moment of
m

m

m

inertia of the rotor blades and D represents damping on the system from friction and air drag.
m

Until physical measurements of the completed system can be taken, estimates of these values are
used. Assuming that the measured moment of inertia is around the value of comparable systems
allows for the substitution of J with 0.008 kg*m^2/s^2. Taking similar liberties with the
m

electromotive force constant results in the substitution of 0.00868 N*m/A for K , along with a
t

substitution of extremely small values of inductance and resistance from the small DC motor
allows for the resulting transfer function below.

(3.1)
From this Transfer function, the settling time of each motor without any sort of
compensation has been calculated to be 576.037 milliseconds, which is a reasonable value for a
system of this nature. Using MATLAB, the physical parameters of the system can be plotted into
a root locus in order to better explore the nature of the system. This root locus can be seen below
in figure 5.

15
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Figure 3.5 DC Motor Root Locus

3.4 Technologies
Table 3.2 presents a list of technologies that are relevant to this project as well as the
courses at Western Michigan University that teach them.
Table 3.2
Implemented Technologies

Relevant Courses
ECE 3800 – Probabilistic Methods of Signal and System Analysis

Wireless Communication (RF)

ECE 5640 – Communication Systems
ECE 5550 – Digital Signal Processing
ECE 2210 – Electronics I

Pulse Width Modulation

ECE 5530 – Microcontroller Applications
ECE 2210 – Electronics I

MOSFET Manipulation

ECE 3200 – Electronics II
ECE 2210 – Electronics I

DC Motors

ECE 3300 – Electrical Machinery
ECE 2510 – Intro to Microprocessors

Programming

ECE 5530 – Microcontroller Applications
CS 2000 – Programming in C

16
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4.0 FEASIBILITY AND PLANNING
4.1 Cost
The total cost of parts for a single drone that was built was $669.60. Although a specific
budget was not outlined in the requirements section of Chapter 2, this is well within the price
range of comparable, market-available UAVs, which can range from $300 to $1200. Table 4.1
below gives an itemized list of costs.
Table 4.1
Quantity
Needed

Item

Price

4

Andoer XXD A2212 1000KV Brushless Motor + 30A ESC for
Multicopter F450 X525 Quadcopter

$67.88

1

8"x4.5" CW/CCW Propellers, 2 Pair

$7.99

1

3DR Telemetry Receiver/Transmitter

$199.00

1

F330 Glass Fiber Mini Quadcopter Frame

$16.30

1

FlySky FS-T6 2.4ghz Digital Proportional 6 Channel Transmitter
and Receiver System

$56.74

1

Pixhawk Controller

$199.00

1

Bias 5000mAh 3S 40C Lipo Pack

$57.68

1

FLOUREON® 2 New 3S Lipo Battery 11.1V 2200mAh 25C RC
Rechargeable Battery Pack with XT60 Plug

$32.99

1

100pcs Red Insulated Female & Male Bullet Butt Connector wire
Crimp Terminals

$6.99
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1

SummitLink 328 Pcs Assorted Heat Shrink Tube 5 Colors 8 Sizes
Tubing Wrap Sleeve Set Combo

$8.99

1

10X 10cm Servo Extension Lead Wire Cable MALE TO MALE
KK MK MWC Servo Wire

$4.99

1

RC B3 LiPo 2S-3S Battery Balancer Charger 7.4-11.1V

$11.05

Total Cost

$669.60

4.2 Weight
Total weight of the craft is estimated to be 2.019 lb. (916 g). According to the
requirements outlined in chapter 2, the UAV must weigh less than 5 lb. (2268 g). The proposed
design is well within the specification. Table 4.2, below, gives the weight of individual
components of the UAV.
Table 4.2
Quantity
Needed

Item

Weight
(grams)

4

Andoer XXD A2212 1000KV Brushless Motor + 30A ESC for
Multicopter F450 X525 Quadcopter

292

1

8"x4.5" CW/CCW Propellers, 2 Pair

45

1

F330 Glass Fiber Mini Quadcopter Frame

145

1

FlySky FS-T6 2.4ghz Digital Proportional 6 Channel System

13

1

Pixhawk Flight Controller

38

1

Bias 5000mAh 3S 40C Lipo Pack

415
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4.3 Schedule
A timeline is important to the planning of any project [4]. Two weeks were allotted to
part procurement, as well as an additional two weeks for bench testing of parts before the UAV
is assembled. A single week was sufficient for assembling the UAV, and three more weeks were
used to test and calibrate the performance of the drone. This includes test flying the drone and
modifying the code on the flight controller. Six weeks were allotted for integrating this vehicle
with the systems being designed by the other design team. The rest of the time was spent
documenting the project, developing lessons learned and direction for future work on the project,
and preparing the project’s final presentation. The project concluded on the first week of
December, 2015.
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5.0 UAV ASSEMBLY AND CONFIGURATION
5.1 UAV One Build
The assembling of the first UAV involved the steepest learning curve as it presented the
largest amount of preparation and investigation into proper methods of assembly. The first step
was assembling the frame which consisted of a top and bottom plate, and four protruding arms.
This was the simplest step and in order to gain access to the area in between the top and bottom
plates (traditionally used to house sensitive equipment) the top plate was left off temporarily.
Next, the motors were mounted on top of the arms through pre-drilled screw holes in the arms.
The wiring for the motors was run through a hole in each respective arm. Once the motors were
mounted, the electronic speed controllers (ESCs) were calibrated by attaching them directly to
the receiver and toggling the power to them with the throttle on the controller maxed out. This
calibration is important for programming the cutoffs for the specific model of controller/receiver
that was used. Once the ESCs were programmed, the 3-phase outputs were attached to each
respective motor and the ESC modules were mounted to the arms. The PWM inputs to each ESC
were then plugged into the Pixhawk flight controller, which interprets user input as well as
sensory data and provides the proper PWM outputs to control the flight of the craft. In order to
communicate user input to the flight controller, the wireless receiver was connected to the flight
controller. This receiver can connect to any 2.4 GHz transmitter, however it came pre-bound to a
handheld controller. It is important to note that the receiver is powered by a 5 v source rather
than the traditional 12 v source so it was vital to introduce a small buck converter to meet that
requirement. The 12 v power in the vehicle is distributed using integrated traces on the bottom
plate of the frame; this allows for the soldering of four separate outputs to the one input from the
battery. These four outputs power the ESCs and subsequently power the motors. Because a 12 v
20
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line is also needed to power the flight controller, wiring from the battery to the distribution plate
was spliced into and routed to the flight controllers mounted position on the top plate after it was
installed. The battery was cumbersome and difficult to mount, so it’s position in the center of the
craft was often swapped to being suspended below the craft. This change caused the necessity to
introduce arm extensions that would prop the vehicle several inches above the ground when not
in flight and produce the clearance required to keep the battery safe. All wiring splices and
connections were soldered together and covered by heat shrink tubing or electrical tape in order
to insure a stable connection throughout flight. Once the mechanical and electrical components
of the build were complete, the propellers were attached in diagonal pairs according to
designated orientation of spin.

5.2 UAV One Configuration
The assembly of the first UAV required lots of configuration to successfully achieve
flight. Several issues with motor numbering were encountered as the orientation of motors differs
greatly between models of flight controllers. Once this was sorted out and the vehicle was
responding to user input appropriately, the configuration of the flight controller was next to be
modified. Through a very easy to manage graphical user interface different parameters were
configured simply by moving the vehicle and having the program calculate the changes in
sensory data. There were also many options for keeping the UAV level and self-flying at a
certain level in case of loss of signal. This became particularly useful when testing the distance
capability of the receiver/controller combination. Lastly, throttle curve and flight modes were
configured on the physical receiver itself in order to achieve the most responsive controls and
accommodate everything to our particular preferences.

21
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5.3 UAV Two Build
The second UAV that was assembled was identical to the first, so all previous steps were
repeated. There was, however a slight discrepancy in motor quality between the first and second
UAVs due to loose quality control from the factory. Luckily these were able to be compensated
for by appropriately adjusting and calibrating the ESCs and their cutoffs.

5.4 UAV Two Configuration
Configuration in the second vehicle was identical to that of the first, as the proper settings
for smooth flight had been achieved in the first build. These were easily replicated by selecting
the same options and values in the Pixhawk flight controller initial setup program and adjusting
the second physical controller to match the settings of the first. When these changes were made,
the second vehicle behaved identically to the first, which was the desired outcome of the
situation.

5.5 Performance Measurement:
Performance measurement of this project can be done by looking at the physical
characteristics and abilities of the drone itself. Because of the nature of the project, it is important
to maintain a lightweight craft in order to maximize flight time. At a mere 2.2 pounds (997.9 g)
the craft delivers nearly 17 minutes of uninterrupted flight time on a small 2200 mAh. Swapping
out the battery for a larger 5000 mAh bumps the overall weight up to nearly 2.7 pounds (1224.7
g) but allows for a total flight time of 31 minutes on average. Any additional payload attached to
the craft will drastically shorten battery life span with the added strain to the motors. The longest
range recorded of a solid uninterrupted signal was 1150 feet between the drone and the user.
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6.0 TESTING
6.1 Test Methods
Opting to work alongside Consumers Energy in the development of their drone and
undergoing physical testing of the comparable hardware of this project required the creation of
various testing methods in order to prove or disprove several hypotheses. The first hypothesis
was that the Electromagnetic Interference of high voltage lines would not damage the equipment
aboard the drone or cause the drone to lose communication with the user. Because the frequency
and signal power with which this drone communicates with the user controls and telemetry
software are identical to that used by the Consumers Energy drone, any signal degradation
experienced should be able to be replicated on their drone when they begin physical testing of
their own. These findings will help Consumers Energy understand what to expect under similar
circumstances. Initially, test methods were prepared to look at the influence of Radio Frequency
Interference on the signal and hardware of the drone, but due to the cost the spectrum analyzing
equipment and difficulty of properly modeling and simulating the interference of high voltage
line through software, the effect of radio frequency interference was not able to be isolated.
Instead, the overall performance of the drone under several different circumstances was observed
conclusions were drawn related to those circumstances.

6.2 Test Simulation
In order to get an idea of the level of Electromagnetic interference that would be
encountered in the field test, several simulations were done using Matlab. These simulations
were done under the advisement of João Duarte, an Electrical and Electronics Engineer who
specializes in energy and control systems. The following simulations were performed using the
parameters of the high voltage lines that would be field tested (36 kV) and had the corresponding
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three-phase geometry. In order to better gauge the constantly changing values in the lines,
different time values were looked at, the first being at 1/12th of one full cycle.

Figure 6.1 Magnetic Field at 1/12th of a cycle

In the above image a cross section of all three phases can be seen (assumed at two
conductors per phase) along with each of their respective magnetic fields. The two smaller dots
above the three phase lines are two ground wires that are run above the conductors. The value of
the magnetic field ranges from 5 micro-Tesla (Dark blue) to over 300 micro-Tesla (Dark red).
The following image represents the simulation of the same parameters after another 1/12th of a
cycle.
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Figure 6.2 Magnetic Field at 1/6th of a cycle

Here the phase causing the largest magnetic field has shifted to the leftmost set of
conductors. Finally, after another 1/12th of a cycle the largest magnetic field inducing phase is
once again shifted to the middle set of conductors. This can be seen in the image from the
simulation below.
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Figure 6.3 Magnetic Field at 3/12th of a cycle

6.3 Field Test
In order to gauge the strength of the signal between the drone and user, the maximum
length at which communication was continuous was monitored. Based on the theory of freespace path loss (FSPL), [5] the UAV can be compare the power and distances of our signal in
different locations and conditions. By choosing locations where there will be very low
interference in both electrical magnetic interference (EMI) and radio frequency interference
(RFI) and then comparing the results to a location with high interference in either EMI or RFI, it
can be determined that either EMI or RFI will affect our system. The free-space path loss
equation below will determine the power loss in with respect to the frequency and distance of the
system. In equation (6.3.1) f is the frequency, d is the distance, and c is the speed at which light
travels in a vacuum.
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𝐹𝑆𝑃𝐿 (𝑑𝐵) = 10 𝑙𝑜𝑔10 (

𝑐

)

In Figure 6.4 below the transmitter with an antenna is at a distance d away from the receiver’s
antenna and is transmitting at the frequency f.

Figure 6.4 Free-Space Path Loss

The first measurement was the “control” situation and was done in a known area, a
vacant field, of little electromagnetic interference. In order to verify (as well as quantify) this
level of interference, a Gauss-meter was brought in and used to measure a reading of less than
one-tenth of a micro-Tesla. This was chosen as the control because even just walking through a
public building with the meter, spikes in EMI well above this level could be observed due to the
electrical system of the building and the various EMI-emitting projects being completed
throughout. Next, the maximum communication distance was recorded as soon as the drone lost
the signal with the user and was unable to recover the signal within a small period of time. This
came out to be at about 800 feet from the user, as can be seen in the Figure 6.5 below.
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Figure 6.5 Maximum distance control test
The next maximum distance test was done underneath a 46 kV powerline where the
drone was held with the propellers removed rather than flying, for safety reasons. Both the user
and the drone would remain underneath the power line for the entire test, while the drone was
moved further and further from user. The expected outcome of this test was that the gathered
data would be nearly identical to the “control” test, as the medium-voltage line would have little
effect on the signal or hardware on the drone itself. Instead, several errors were experienced
much earlier than projected. The maximum reliable distance that the drone and user could
communicate was only 600 feet instead of the previous 800 for the control test. Readings of
EMF under this line averaged about .05 micro-Tesla. The data for the 46 kV line can be seen in
Figure 6.6.
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Figure 6.6 Maximum distance test under 46 kV line.

In order to observe any possible degradation to the signal under intense circumstances,
the last test was done under a similar 36 kV line, but due to its proximity to a substation there
was added interference from many different nearby lines, including one 365 kV set of lines. The
Gauss-meter detected a magnetic field of about 0.07 micro-Tesla while just walking underneath
the chosen line, but near the substation there were levels up to 2.32 micro-Tesla observed. Oddly
enough, instead of the expected interference that had been proposed, a new maximum level of
distance between the user and drone while maintaining a quality signal was observed. As seen in
Figure 6.7, the drone was able to stay connected at early 1150 feet from the user, much further
than the control test distance. This leads to questions about the impact of the atmosphere on the
drone’s ability to communicate. The first tests were done on a somewhat wet, overcast day, while
the final test, which has a much longer range, was done while the weather was cold and clear but
there was greater presence of electromagnetic interference. This may imply that atmospheric
conditions have a much greater influence on the devices ability to communicate than any
electromagnetic influences.
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Figure 6.7 Maximum distance test at 46 kV line near substation.
Because it is possible that the drone operator may need to guide the drone within a few
feet of the power lines, it was necessary to measure the magnetic field at closer distances than
were observed during the first tests. Figure 6.8 shows the relationship between distance from the
line and magnetic field intensity on a standard 4.8 kV power line. It is important to note that
unless the drone is fewer than 20 inches from the power line, the magnetic field intensity will be
consistently below 5 micro-Tesla , which is several hundred times below maximum
recommended exposure standards by the International Committee on Electromagnetic Safety
(ICES).
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Figure 6.8 Distance-Magnetic Field Relationship Graph
These values were measured with the assistance of our collaborating Consumer’s Energy
crew using a bucket lift and Gauss-Meter. The values were observed adjacent to the 3-phase lines
measuring the distance from the outermost conductors as illustrated in Figure 6.9 below.
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Figure 6.9 Method of Magnetic Field Distance Measurement

6.4 Results and Conclusions
As previously stated, even at the closest possible proximity to a standard power line, the
magnetic field is much less than what is known to be able to inflict harm on the electronics
contained within the quadcopter. Although the physical drone itself was never brought within
this close of proximity to the power line, if for some reason the power line inspection required a
closer look it is expected that the electromagnetic field would not inflict harm on the drone.
Looking at the effect of the electromagnetic interference on the signal between the drone
and the operator rather than the effect of the interference on the electronic components, it seemed
to make little difference to the maximum signal distance or quality of the signal. As a matter of
fact, the inconsistencies noticed throughout testing under different lines was later attributed to
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the ambient conditions outside at the time. When testing was performed on an overcast day,
performance was noticeably deteriorated, as opposed to a noticeable boost in quality and distance
of signal transmission during a clear day. Therefore, the original hypothesis of the
electromagnetic interference having very little to no effect on performance was reaffirmed, and
the effect considered negligible compared to that of a change in weather conditions.
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7.0 APPLICATIONS OF UAV TECHNOLOGY
7.1 Use in Power Distribution
Autonomous UAVs could be very useful to electric power utilities. Power distribution
systems often cover vast areas of land, therefore inspecting and maintaining the system can be
daunting. In many areas, particularly among rugged terrain or in rural locations with long
sections of line, it would be useful to have a UAV traverse a section of line in place of having a
person do so. Take, for example, a power line several miles long and thought to be damaged by
the weather. Traditionally, the entire length of the system would have to be inspected by a
person. If the land is too rugged for a vehicle, the inspection would have to be done on foot
which could be very time consuming. A UAV, however, could traverse many miles of line per
hour, regardless of the terrain underneath the lines. Information in the form of telemetry, photos,
or video footage could be used to find the line damage in far less time. Drones are fairly
inexpensive and a single crew could use several of them; making inspections far more
efficient. Drones are, however, limited by weather conditions.
UAVs will also be useful for inspecting wind turbines. Wind turbines are notoriously
expensive to inspect because a crew of two or more people must climb the turbine to visually
inspect each blade. This takes a crew of two or more people up to a day to complete, and can
cost thousands of dollars. A UAV could survey the entire structure with a video camera,
allowing a trained operator to inspect the footage later, and could survey several turbines per
day. This saves resources and would promote better preventive maintenance, as inspections
could occur more frequently. Additionally, the upfront cost of such a UAV may be less than the
cost to inspect a single windmill, and the recurring cost is just that of power and an operator to
inspect the footage.
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7.2 Legal Requirements
The Federal Aviation Administration (FAA) regulates the use of all aerial vehicles in
U.S. airspace, including UAVs. In general, an individual can operate a UAV for recreational
purposes without oversight from the FAA. The FAA does, however, outline some safety
recommendations: stay at an altitude of less than 400 feet, keep the aircraft in sight, do not fly
near an airport or interfere with a manned airplane, do not fly near people or stadiums and do not
fly a drone that weighs more than 55 pounds. Any UAV that is not flown for recreation and is
not classified as a governmental aircraft is subject to FAA regulation. There are two methods for
obtaining authorization to fly. An organization can apply for an exemption to FAA regulations,
which allows the use of UAVs for low risk commercial tasks in a controlled environment. One
may also apply for a Special Airworthiness Certificate. To do this, a company must supply
detailed documentation about how their system works and what type of flying they intend to do
with it. If it does not present an unnecessary risk, the FAA will approve the vehicle for use. In
the coming years, the FAA may need to reevaluate how it deals with unmanned vehicles.
Currently, the regulation is slowing down the adaptation of drones in industry. For example, it
may not be reasonable to use a drone to inspect a wind turbine because it cannot legally fly to the
altitude needed to inspect the whole thing.
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Need for Further Study
Because it was concluded that the combined electromagnetic interference and radio
frequency interference had very little effect on the signal between the drone and the operator, it
would be beneficial to further delve into what seemed to play a larger role in the degradation of
the signal. Weather patterns, humidity level, and temperature all seemed to contribute to the
changes in the maximum distance of the signal significantly, although no time was allocated for
further investigation into the specific effects.
Another aspect that would be worth further exploring is the dedicated radio frequency
interference and its theoretical ability to overwhelm the receiver on the drone with a multitude of
signals on a similar wavelength as the expected signal. While discussing possible problems
during flight with Consumers Energy it was proposed that if the receiver were to be bombarded
with several similar signals at once, it may have trouble interpreting which signal contained the
actual information necessary for sustained flight and have to revert to a secondary protocol to
land safely. Ideally, a spectrum analyzer could be used in several areas where signal interference
from high voltage lines was a known problem and the interference could be analyzed in order to
find an area with interference most closely matching the range of its own communicative
devices.
Lastly, it would be beneficial to perform similar tests as were performed in this project on
extremely high voltage lines near the 2,000 kV level. At this level, the corona discharge from the
line could easily cause a static discharge into the device at close proximity to the line. As these
lines require maintenance as well, it could be incredibly helpful to have an unmanned aerial
vehicle that is capable of withstanding these conditions in order to perform inspection on the
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lines. The design of a functional high voltage line inspection drone could be a very worthwhile
endeavor in the future.
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Conclusion
There is a need to build UAV that are cost effective, safe, reliable, and accurate. The
technology already exists and is being underutilized. A UAV system could allow a company to
perform some duties a lot more efficiently. Any place of work that conducts day to day
operations outside can benefit from a UAV system. In this project a UAV is designed and tested
on the effects due to power lines. The part list is provided along with various diagrams to
describe the construction and operation of the vehicle. The largest limitation that the team has
encountered has been the price of the parts involved in building a multi-rotor vehicle that can
compete with commercial products. Due to the multitudes of ways to approach the problem,
picking a particular design was also challenging but it is believed that the design presented here
is a robust solution to the task at hand.
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